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film is strained elastically to bring the lattices of film and substrate into register at the interface (i~0). A stress-induced anisotropy K~is present in spine! For higher misfit values and thicker films it is assumed epitaxial films when a stress a is present in the spine! that the film takes on its equilibrium free lattice film at room temperature. When X is the magnetoconstant away from the interface, so that it is essenstriction constant of the film, the stress-induced tially unstressed at the deposition temperature. The anisotropy can be calculated as misfit stress is relieved by the formation of misfit dis- [ln(r/b) 
af 1-p 81r(a5-af) where a~, a1 = bulk room temperature lattice paramwhere b is the Burgers vector and r the dislocation eters of substrate and film respectively, ;, a~' = strain-field radius. When stress relief occurs at the thermal expansion coefficients of substrate and film deposition temperature (i~= 1) and when the film is respectively, z~T = difference between deposition considered to behave elastically on cooling to room temperature and room temperature, E = Young's temperature, a stress develops due to differences modulus, p = Poisson ratio, and i~fractional stressbetween a1 and ;. Intermediate situations (0 <r< relief (0~< 1). 1) are also possible. For small misfit (a5 -af) values and thin films, the In a previous article [3] a stress-induced anisotropy was reported in LPE grown Ni(Fe,Al)204 films. On films, grown in tension (a5 >af) upon * Present address: Philips Centre forTechnology, Emdhoven, The Netherlands.
ZnGa2O4 substrates, a serpentme-hke domain pattern ** Present address: Radio Engineering Institute, Miiisk, could be made visible with Bitter fluid. Since for USSR. these films a> 0 and Xiii <0, a positive stress-119 induced anisotropy results. In this article we report a 60% higher and for Al a 40% lower concentration about the growth and characterization of ( fig. 1 ). Also at the growth of Ni(Fe ,Al)2 04 single Ni(Fe,Al)204 films grown upon MgO, ZnGa2O4, crystals [5] a lower concentration of Al was found. Zn(Ga,Al)204 and Zn(Ga,Fe)204 substrates.
The effect was more pronounced with a Pb2P2O7 flux (-50%) than with a PbO-B203 flux (-30%).
We have performed microprobe analyses on crys-2. The growth of Al-and Fe-substituted zinc gallate tals cut through the centre. Up to about 1 mm from substrates the surface, the composition remained rather constant and was in excellent agreement with the cornIn order to grow compressively and tensively position determined from the lattice constant of the stressed Ni(Fe,Al)2O4 films, substrates are needed crystal. However, more towards the centre of the with different lattice constants. The substrates are crystals a distinct concentration gradient was found. based on ZnGa2O4 (ao = 8.336 A) which can be For the Zn(Ga,Fe)204 crystals the Fe content grown from a ZnO-Ga203-Pb2P2O7 melt by slow decreases towards the centre, while for the Zn(Ga, cooling [4] . Octahedrally shaped crystals with {l 11 } A])204 crystals the Al content increases. In a large facets of dimensions up to 6 mm along the edge could ZnGa2_~Fe~O4 crystal (7 mm) grown from a melt be obtained. When A1203 or Fe2O3 is added to the corresponding with x = 0.38 we fmd a value of x = melt, doped zinc gallates are obtained with lattice 0.60 near the surface and a value of x = 0.31 in the constants respectively lower and higher than 8.336 A.
centre. (Table 1 ). The lattice constants of the crystals were
The concentration gradients in the crystals must determined by X-ray diffractometry by measuring the be due to a strong temperature dependence of the Bragg angles from planes parallel to the (111) facet segregation coefficients for Fe and Al, defined as the face. Since from ceramic standards a linear relation molar ratios: was found between composition and lattice constants in the Al-and Fe-substituted ZnGa2O4 systems, the M+~(4) composition near the surface of the crystals could be where M = Fe or Al respectively. determined from the lattice constants. Although the Since the crystals are grown from the melt by slow surface compositions of crystals obtained from one cooling with a rate of approximately 1°C/h from melt composition are rather close to each other, we 1300-800°C,the material in the centre of the largest always fmd some composition range. Concentration crystals will be grown at high temperatures, while the gradients in the melt during the growth or slightly outer part of the large crystals and the entire small different growth rates must be the cause of this.
crystals are grown at lower temperatures. In the high When the surface compositions of the crystals are temperature region kM must be >1 and kFe < 1; the compared with the melt composition, we find for Fe reverse will be true in the low temperature region. , a the film for the two extreme situations. stress in the film of respectively +0.1 X iO~and -0.6 X l0~N/rn2 is calculated (i~= 1), resulting in a lower, respectively higher, value of 4 compared with af.
4. The domain structure of the films In conclusion: when the misfit is not too small, the state of stress can be followed, for a film with a When a stress is present in the film at room temfixed composition, grown upon a fixed substrate, by perature, a uniaxial anisotropy energy results accord- increasing Al content. For pure NiFe2O4, X~1= -22 X l06 and from linear extrapolation it is found that X~1ãpproaches zero for x~0.8. Knowing Table 2 A111 as a function of the Al content x in the film, we increases, while the width of the other domains decreases with increasing field. When 0 <K~< 2irM~, the domain pattern becomes diffuse and finally required to achieve this situation decreases, vanishes when the field is increased above a certain When Ni(Fe.Al)204 films are grown on MgO value. When K~> 2itM~, however, the domain (2a0 = 8.42 A), no domain pattern could be observed, pattern starts unwinding and the domains with their Obviously stress relief occurs at the deposition ternmagnetization opposite to the direction of the field perature due to the very large misfit and a comprescontract to cylindrical bubbles with increasing field. sive stress is present in the film at room temperature, When the bias field is increased further, the bubble resulting in a negative stress-induced anisotropy. On diameter decreases by about 25% and finally the spine! substrates, however, where a closer lattice bubble collapses ( fig. 8 ). Given a certain film, the fitting is obtained, serpentine-like domain patterns field at which the bubble collaps is not very well are observed when films are grown in tension (K~> defined. When some serpentine like domains are still 0), while for films grown in compression (K~< 0) no contracting towards bubbles, other domains are domain pattern is observable anymore. When cracks already in the bubble state, while some bubbles are present in the film, the stress is relieved along the have already collapsed. Some bubbles only collapse crack and the domain pattern vanishes ( fig. 6 ). In all when much higher field strengths are used. When, NiFe2~Al~O4 films with x ranging from zero up to after complete saturation of the film, the magnetic 0.65, domain patterns are observed provided the films field is reduced to zero, the serpentine-like domains A~* ________ II become visible again, but in some areas they are M5V is determined using a Faraday balance and M5 completely absent. When the film is demagnetized by can be calculated when the volume of the film is heating for a short time above its Curie temperature known. For films grown on spine! substrates, howor by moving a demagnetization pen over the film ever, inaccuracies up to 25% are present in the calsurface, the original domain pattern is obtained again. 2irM~are obtained when 0.50 <x <0.65, and the When the composition of the film is known, M5 can films are grown in tension with a misfit lower than be taken from literature. about 0.03 A.
In calculating Ku from eq. (6), the small dimensions of our spinel substrates result in large inaccuracies. A 2 pm thick film, grown on a triangular facet S. Anisotropy measurements measuring 5 mm along the edges, has a volume of about 2 X l0'~cm 3. When films are grown in tension The uniaxial anisotropies in the Ni (Fe,Al) 204 with a misfit of 0.02 A, KV ranges from about -2 erg films are measured using a torque magnetometer.
for NiFe2O4 up to about +2 erg for NiFe1.4A10.604 Therefore, after the growth of the films on the (111) films. The inaccuracy of the torque magnetometer is facets of flux grown substrates, the crystals were 2% for a 100 erg sample, but is 10% for a 10 erg shaped in such a way that one substrate facet with a sample. The lower limit is about 0.2 erg. Inaccuracies film on one side was left, of 10-20% are to be expected. the sintered material, substitution of Zn 2" and Ga2~" in the spinel film Since accurate thickness measurements could be occurs on tetrahedral sites and will result in an performed on films grown on (111) MgO we have increase of M 5 of the film when small amounts of grown several NiFe2O4 films with different thickZn 2~and Ga31 are present. In a previous paper [13] nesses. When M 5 V is plotted versus V, a straight line we have shown that interdiffusion occurs when going through the origin is obtained. The slope of this lithium ferrite films are grown on MgO substrates line corresponds to M5 = 235 ±5 Gauss. For a above 1000°C. Robertson et a!. [14] have shown that NiFe2O4 film grown on a Zn(Ga, Fe)204 substrate, very severe interdiffusion occurs when (Mn, Zn) the anisotropy as calculated from eq. (6) increases by Fe2O4 films are grown into Zn2TiO4 substrates, even about 50% when a 10% higher value of M5 is used.
at temperatures below 900°C,while on MgO subAlso the possibility of interdiffusion between film strates no evidence for interdiffusion was found. and substrate must be taken into consideration, since
Interdiffusion results in broadened and/or asymme- the 12 pm film is about 5% higher than the value for pure NiFe2O4. An improvement in the determination of the film volume was achieved by using X-ray fluorescence.
I
The film grown on a (ill) facet was dissolved in (1-x) NI Fe2Q -x Zn Ga20~determined. Since the film thickness can be assumed Fig. 9 . Saturation magnetization M~versus the composition as a constant, when interdiffusion occurs, the volume in the (1 -x)NiFe2O4 xZnGa2O4 system. of the film can be calculated from the density of NiFe2O4. The obtained accuracy is about 15% resulting in M5 = 260 ±40Gauss for the film magnetizatrical X-ray reflections, which may be shifted in the tion, which is stifi too inaccurate to calculate direction of the substrate reflection. For our Ni(Fe, reliably the anisotropy in NiFe2O4 films. For Al)2O4 films grown on MgO no evidence for interdifNiFe2O4 films on MgO 235 Gauss and on spinel subfusion, neither from X-ray nor from microprobe analstrates 245 Gauss is used in the calculations ofK~. yses, could be found. For films grown on spine! subTorque measurements are performed on NiFe2O4 strates, however, slightly asymmetrical reflections films grown on MgO and on spine! substrates with were found. Microprobe analysis performed on a 12 lattice constants lower and higher than NiFe2O4 are calculated from eqs. (1) and (2) and surface area. In fig. 11 for K~j(13= 1) are found in the area between the dashed lines.
Ni(Fe4 1)204 films
NiFe2~Al~O4 films withx = 0.10-0.12 are grown 7. Conclusions in the temperature range of 890-935°C onto ZnGa2O4 substrates. Depending on the film thickNi(Fe,Al)204 films are grown succesfu!!y by ness, i~ranges from zero to 1. Positive anisotropies are means of liquid phase epitaxy on MgO, ZnGa2O4, obtained, covering the range between K~(= 0) and Zn(Ga,Al)2O4 and Zn(Ga,Fe)2O4 substrates from a = 1).
PbO-B2O3 flux, using undercoolings of up to 60°C. Films with x = 0. 16-0.18 are grown between 928 Smooth and shiny films are obtained only on (111) and 975°C.For dipping times of 10 mi o~decreases substrates. At the surface of the films, grown onto from 1 to zero with decreasing undercooling (fig. 4) . the (111) facets of flux-grown substrates, many The relation between growth temperature and meagrowth hillocks are present. The large defect density sured uniaxial anisotropy is plotted in fig. 12 , of the substrate will be one of the main causes for showing an excellent agreement between measured the occurrence of the hillocks. and calculated Kṽalues for films grown in tensionas
The compositions of the films are very close to well as in compression.
stoichiometry and the Pb content is lower than 0.02 Uniaxia! anisotropies exceeding the demagnetizaatoms Pb per spinel formula unit. Interdiffusion tion energies are obtained in films with x between between film and substrate is observed to a small 0.50 and 0.65. The very high inaccuracies in K VIM5 V extent when films are grown on the spine! substrates. are compensated by the low value ofMĩn the deterIt is shown that the saturation magnetization in the mination of K~. The experimental K~values are NiFe2O4-ZnGa2O4 system increases rapidly with found in reasonable agreement with the calculated increasing ZnGa2O4 content and a maximum is found stress-induced anisotropy data, at approximately 15 mole% ZnGa2O4.
